Objective: We hypothesized that the modulation index (MI), a summary measure of the strength of phase-amplitude coupling between high-frequency activity (>150 Hz) and the phase of slow waves (3-4 Hz), would serve as a useful interictal biomarker for epilepsy presurgical evaluation. Methods: We investigated 123 patients who underwent focal cortical resection following extraoperative electrocorticography recording and had at least 1 year of postoperative follow-up. We examined whether consideration of MI would improve the prediction of postoperative seizure outcome. MI was measured at each intracranial electrode site during interictal slow-wave sleep. We compared the accuracy of pre- Anatomical variability in MI existed among nonepileptic electrode sites, defined as those unaffected by magnetic resonance imaging lesion, SOZ, or interictal spike discharges.
| INTRODUCTION
The epileptogenic zone (EZ) is conceptually defined as the region, the resection of which is necessary and sufficient to achieve seizure freedom. 1, 2 Many investigators emphasize the value of ictal recording [3] [4] [5] [6] and suggest that the seizure onset zone (SOZ), defined as the region initiating ictal discharges during habitual seizures, is likely to comprise the EZ. 2, 7, 8 As the sampling rate of digital recording systems have recently improved, investigators have described the value of interictal high-frequency activity at >80 Hz (HFA >80 Hz ) for localizing the EZ. Specifically, resection of recording sites showing frequent episodes of HFA during invasive monitoring has been associated with excellent seizure outcome. [9] [10] [11] [12] [13] [14] [15] [16] However, whether preresection interictal HFA can inform postresection clinical outcome, independently of the effects of resection size, SOZ on ictal recording, and neuroimaging data, remains an open question. 16 To evaluate whether interictal coupling between HFA and slow waves could be used as a preoperative electrographic biomarker, we examined whether a modulation index (MI) was associated with postoperative success rates in 123 patients with drug-resistant focal epilepsy. MI (HFA & slow waves) is a summary measure of the strength of coupling between HFA amplitude and slow-wave phase. 17, 18 Within the SOZ of drug-resistant focal epilepsy, it is typical for 3-to 4-Hz slow waves to immediately follow interictal spike discharges associated with increased HFA. [19] [20] [21] Our recent electrocorticographic (ECoG) study demonstrated that MI (>150 Hz & 3-4 Hz) was positively correlated to the occurrence rate of HFA >150 Hz at a given recording site during interictal slow-wave sleep and that the SOZ was predicted by MI (>150 Hz & 3-4 Hz) equally with MI (>80 Hz & 3-4 Hz) and MI . 19 Taken together, measurement of MI (>150 Hz & 3-4 Hz) was expected to effectively quantify the irritative zone, 1 by delineating the severity and spatial gradient of interictal spike-andwave discharges, which are characterized by increased HFA >150 Hz amplitude stereotypically coupled with a phase of slow waves [3] [4] Hz . The goal of this study was to test the hypothesis that the full multivariate logistic model also incorporating MI (>150 Hz & 3-4 Hz) would more accurately predict patients achieving surgical success compared to the reduced model only incorporating the conventional clinical, SOZ, and neuroimaging variables.
As an additional analysis, we determined whether anatomical variability in MI (>150 Hz & 3-4 Hz) during slowwave sleep would exist among nonepileptic electrode sites, defined as those unaffected by magnetic resonance imaging (MRI) lesion, SOZ, or interictal spike discharges. 22 We believed this analysis was necessary for validating the application of MI (>150 Hz & 3-4 Hz) in presurgical evaluation, because previous studies of nonepileptic eloquent cortex reported that the degree of phase-amplitude coupling between HFA and theta/alpha/beta activity was modulated by sensorimotor or cognitive tasks during wakefulness. 17 
| MATERIALS AND METHODS

| Patients
The inclusion criteria were focal resective surgery following extraoperative ECoG recording with a sampling rate of 1000 Hz at Children's Hospital of Michigan or Harper University Hospital in Detroit between January 2007 and October 2016. Patients were excluded from the study if:
(1) the EZ was determined to be present independently in both hemispheres on the basis of the noninvasive evaluation, 24 (2) they needed hemispherotomy or hemispherectomy, (3) extensive brain malformations prevented consistent analysis of major anatomical landmarks, 25 (4) postoperative follow-up was <1 year, (5) the patient had prior resective epilepsy surgery, and (6) the patient's age
Key Points
• Logistic regression model considering clinical, seizure onset zone, and imaging variables alone predicted postoperative seizure outcome • The full model considering interictal modulation index in addition to the aforementioned variables better predicted seizure outcome • Anatomical variability of interictal modulation index was suggested to exist across nonepileptic electrode sites • Adjustment of interictal modulation index for anatomical variability minimally improved the outcome predictive ability of the full model • The full model incorporating adjusted modulation index had sensitivity/specificity of 0.86/0.76 for predicting seizure outcome was <4 years. 26 We studied a consecutive series of 123 patients (Table 1) who satisfied the aforementioned criteria. This study protocol was approved by the institutional review board at Wayne State University, and written informed consent was obtained from each patient or the guardian of each pediatric patient.
| Electrocorticography
The principal methods of ECoG data acquisition are identical to those previously described. 25, 27 Platinum subdural disk electrodes (10 mm center-to-center distance) were placed on the epileptic hemisphere. Electrode placement was guided by semiology, scalp video-electroencephalography, and neuroimaging data. Before dural closure, intraoperative photographs of the brain and subdural electrodes were taken. Following closure, surface electromyographic electrodes were placed on the deltoid muscles 28 and electrooculographic electrodes were placed 2.5 cm below and 2.5 cm lateral to the outer canthi. 29 Extraoperative ECoG signals were recorded with a band pass of 0.016-300 Hz for 3-7 days. The averaged voltage of ECoG signals from the fifth to sixth intracranial electrodes of the amplifier was used as the original reference, and signals were remontaged to a common average reference. Antiepileptic drugs (AEDs) were discontinued and resumed once SOZ was determined. The SOZ is defined as electrode sites initially showing sustained rhythmic ECoG changes prior to the onset of habitual clinical seizure symptoms, not explained by state changes, and clearly distinguished from interictal activity. 8 Ictal patterns of epileptic spasms are characterized by fast-wave bursts quickly propagated to multiple lobes, 28 whereas those of focal seizures are characterized by repetitive spike-and-wave discharges or focal fast-wave discharges followed by gradual propagation to the surrounding regions. 8 Electrode sites affected by artifacts were excluded from further analysis. A total of 12 964 electrodes (mean = 105.4 electrodes per a patient, range = 32-152 per patient) were included into the multivariate logistic regression analyses.
| Magnetic resonance imaging
Preoperative MRI was reviewed by an experienced pediatric neuroradiologist who was blinded to scalp video-electroencephalographic data. 24 A three-dimensional surface image was created with the locations of electrodes coregistered on it. 25 The spatial normalization of electrode sites was performed using FreeSurfer scripts (http://surfer.nmr. mgh.harvard.edu). All electrode sites on each subject's FreeSurfer brain surface were plotted on the averaged FreeSurfer surface image. 25, 26 Parcellation of cortical ROIs was performed at both individual and spatially normalized brain surfaces ( Figure 1 ).
| Surgical decision making
Surgical resection was guided by the clinical factors, semiology, visual assessment of extraoperative ECoG, extent of lesion, and eloquent areas. 8 We intended to completely remove SOZ, sites of frequent interictal spikes nonattributable to propagation from SOZ, and lesions surrounding SOZ (if present). When the SOZ was not identified, we planned to remove sites showing frequent interictal spikewave discharges and the associated lesion. Simultaneously, we intended to preserve the eloquent areas and their associated vascular structures along sulcal boundaries. In cases where eloquent cortex overlapped with the regions presumed to be epileptogenic, the exact resection margin was determined, on an individualized basis, after intense discussion with the family of a given patient. Thirty-seven patients showed brain malformations (including focal cortical dysplasia, cortical tuber, and ulegyria) on MRI, 25 showed tumor, five showed medial-temporal sclerosis, four showed gliotic changes associated with atrophy, one showed arteriovenous malformation.
T A B L E 1 Patient profiles
b
Including three patients achieving class 1 outcome following the second surgery and three patients failing to achieve class 1 outcome following the initial and second surgeries.
| Measurement of the size of resection
Intraoperative photographs were obtained prior to dural closure to confirm the extent of resection. We determined whether all electrode sites marked as SOZ were completely removed. In cases where SOZ sites were located at the top of a sulcus and resection was completed up to that sulcus, the SOZ was considered to be completely removed. The extent of resection (percentage of the affected hemisphere) was quantified using FreeSurfer scripts by H.M. while blinded to the postoperative seizure outcome.
| Modulation index
As this is a retrospective observational study, the interictal MI (>150 Hz & 3-4 Hz) did not affect our surgical decision making. Measurement of the MI was performed using EEGLAB Toolbox winPACT (https://sccn.ucsd.edu/wiki/ WinPACT). MI (>150 Hz & 3-4 Hz) during slow-wave sleep was calculated at each electrode site using the algorithm identical to that previously reported. 17, 18 Ten earliest available, 30-second, least artifactual epochs of slow-wave sleep 30 were selected from the first (or the second if needed) evening of extraoperative ECoG recording by H.M. while blinded to the seizure outcome. All selected epochs were ≥2 hours apart from seizure events, and highpass filtered at 150 Hz. All ECoG data points were Hilberttransformed and used for computing MI (>150 Hz & 3-4 Hz) , the strength of coupling between the amplitude of HFA >150 Hz and the instantaneous phase of local slow waves 3-4 Hz . Each electrode site was finally assigned an MI (>150 Hz & 3-4 Hz) value averaged across ten 30-second epochs. Our MI algorithm does not differentiate between HFA derived from oscillations and that from nonoscillatory spike discharges. 31, 32 We believe our analytic approach is justified in this clinical study, as oscillatory and nonoscillatory HFAs are both reported to be useful to localize SOZ. 33 Some reported that interictal HFA >200 Hz on clinical electrodes is mostly derived from nonoscillatory spike discharges. 32 Others reported that HFA >250 Hz disentangled from nonoscillatory spikes had insufficient sensitivity to localize the SOZ. 34 
| Seizure outcome
After a minimum of 1 year, postoperative seizure outcome was classified according to the International League Against Epilepsy classification. 36 Medical charts and telephone calls were used by investigators unaware of the results of MI analysis. Class 1 outcome was treated as success and others as failure. Requirement of reoperation was treated as failure, even if patients achieved class 1 outcome following the second surgery.
| Outcome prediction using multivariate logistic regression models
The statistical analysis was performed using SPSS Statistics v25 (IBM, Armonk, New York). The significance was set at P < 0.05. We initially determined how well patients achieving surgical success would be predicted by a multivariate logistic regression model incorporating clinical, SOZ, and neuroimaging variables, but not an MI variable (referred to as "reduced model"). The outcome measure was achievement of International League Against Epilepsy class 1 outcome. The predictor variables (Table 2) included: age, gender, presence of daily seizures, number 
| Variability in MI across anatomical regions and sleep stages
We determined the spatial characteristics of MI (>150 Hz & 3-4 Hz) at nonepileptic electrode sites during slow-wave sleep as well as the effect of sleep staging on the overall MI (>150 Hz & 3-4 Hz) profiles. These additional analyses were applied to 47 patients (age range = 4-19 years) in whom ECoG signals were sampled from all four lobes, sleep spindles were visualized at nonepileptic frontal regions, and posterior dominant alpha activity was noted at nonepileptic occipital regions during wakefulness. Such widespread electrode coverage, together with electrooculography/electromyography, allowed accurate sleep staging and measurement of MI (>150 Hz & 3-4 Hz) during wakefulness, sleep stage 1, sleep stage 2, and rapid eye movement (REM) sleep. 30 To determine whether interictal MI (>150 Hz & 3-4 Hz) within an ROI differed from that within the rest of the regions, the mixed model analysis 37 
| RESULTS
| Outcome prediction
International League Against Epilepsy class 1, 2, 3, 4, 5, and 6 outcomes were noted in 90, 3, 13, 9, 8, and 0 patients, respectively (mean follow-up period = 5. Table 2 ). The accuracy of outcome prediction rated by ROC analysis was AUC of 0.767 (P < 0.001). When the sensitivity was set to 0.86, the specificity was 0.48 ( Figure 3 ).
The full model, which incorporated subtraction MI, improved the outcome predictive ability (R 2 = 0.409, P < 0.001). Incomplete SOZ resection (OR = 0.039, P < 0.001) and larger number of AEDs (OR = 0.396, P = 0.007) were associated with a smaller chance of success. Larger subtraction MI was independently associated with a greater chance of success (Table 2) , and each increase of 0.01 point increased the odds of surgical success by 48% (P = 0.020). The accuracy of outcome prediction rated by ROC analysis was AUC of 0.838 and sensitivity/specificity of 0.86/0.73 (P < 0.001; Figure 3 ). Studentized bootstrap statistics suggested that the full model had a larger AUC compared to the reduced model (t = 11.826, P < 0.001). (Figure 4) .
| Anatomical variability in MI
Superior-temporal (estimate = −0.004) and (P < 0.001). Incomplete SOZ resection (OR = 0.034, P < 0.001) and larger number of AEDs (OR = 0.388, P = 0.007) were associated with a smaller chance of success. Larger subtraction aMI was independently associated with a greater chance of success (Table 2) ; thereby, each increase of 0.01 point increased the odds of surgical success by 59.9% (P = 0.014); the accuracy of outcome prediction of the modified full model was rated as AUC of 0.844 and sensitivity/specificity of 0.86/0.76 (P < 0.001; Figure 3 ).
| Effect of sleep stages on MI
The 
| DISCUSSION
| Value of the irritative zone
This study provides evidence that MI (>150 Hz & 3-4 Hz) may be a useful adjunct for localization of the EZ. Incorporation of MI, regardless of the usage of indices adjusted or unadjusted for anatomical variability, improved seizure outcome prediction. Specifically, the outcome predictive ability rated by AUC of the ROC plot was improved from 0.767 to 0.838 (when unadjusted MI was used) or to 0.844 (when adjusted MI was used). One of the strengths of our study is its sample size, allowing assessment of the independent effects of multiple covariates including clinical, ictal ECoG, and neuroimaging variables. Our results support the theoretical notion that the EZ is optimally delineated by considering the spatial extents of SOZ and irritative zone.
1,2
Based on their effect sizes (Table 2) , we speculate that ictal recordings, compared to the interictal MI, provide more direct information to delineate the regions responsible for generation of habitual seizures.
| Significance of anatomical variability in MI
We observed anatomical variability in nonepileptic MI during slow-wave sleep. Specifically, occipital and fusiform regions showed relatively greater MI. Relative increase of MI in nonepileptic visual pathways is likely to be partly attributable to physiological augmentation of HFA taking place preferentially at a rate of 0.5-1 Hz during slow-wave sleep. 19 Such augmentation of HFA, preferentially locked to the trough of slow waves 0.5-1 Hz during slow-wave sleep ( Figure 2D ), likely reflects increased cellular/synaptic activity (also known as up-states) that may play a role in low-order visual memory consolidation. 29, 38 In turn, each attenuation taking place between HFA augmentations likely reflects hyperpolarization and cellular silence (also known as down-states). Superior-temporal and superior-frontal sites showed relatively smaller nonepileptic MI, but the magnitude of difference in these regions was much smaller compared to that in the occipital regions. Because the existence of anatomical variability in nonepileptic MI has been suggested, we examined how well adjustment of MI for regional variability would further improve the performance of outcome prediction with the full model. This additional analysis demonstrated that incorporation of adjusted MI only resulted in a minimal improvement of outcome predictive ability (AUC = 0.838 → 0.844; sensitivity/specificity = 0.86/0.73 → 0.86/0.76). It is possible that the ROIs used in this study may have been too large for optimal adjustment and that MI adjusted using smaller ROIs would have more effectively improved the accuracy of outcome prediction of the full model.
| Methodological considerations
The sample size, data availability by the time of surgery, and collinearity problems among the predictor variables need to be taken into account for the selection of predictor variables to be incorporated in the full multivariate logistic regression models. Presence/absence of cortical lesions on MRI was selected because MRI-lesional epilepsy, compared to nonlesional, has been reported to have a better postoperative seizure prognosis. 39, 40 Necessity of extratemporal lobe resection was also selected because such surgery is generally associated with a less favorable prognosis compared to resection confined to the temporal lobe. 40 Neither pathological diagnosis nor postoperative MRI was incorporated in our models, as such data are available only after resective surgery. Individual three-dimensional surface images and intraoperative photographs allowed us to measure the size of resection prior to completion of the resective surgery. The duration of epilepsy was not incorporated in our regression models, because of the high collinearity between patient age and epilepsy duration. A larger number of oral AEDs was found to be associated with a smaller chance of success. An interpretation for this observation is that patients required to take a larger number of oral AEDs may have had more severe forms of focal epilepsy. 41 We are willing to share our ECoG dataset with investigators who express an interest in testing the performance of MI or other measures of their interest (eg, occurrence rate of interictal HFA). Our study was not designed to determine whether MI (>150 Hz & 3-4 Hz) is more useful than other interictal HFA measures. Some investigators have suggested that characterization of the angle of slow-wave phase preferentially coupled with HFA was useful in localization of SOZ. [42] [43] [44] 47, 48 We speculate that MI during slow-wave sleep and stage 2 sleep would yield a similar clinical utility in epilepsy presurgical evaluation. These sleep stages share a similar MI spatial pattern (Figure 4) . The mixed model analysis demonstrated that the contrast on MI between SOZ and non-SOZ was about 10 times greater than that between non-REM sleep and the other stages (estimate of SOZ = +0.045 vs estimate of non-REM sleep = +0.004).
This is a retrospective observational study, which should be considered in the interpretation of our results. Our results by no means indicate that cortical areas showing increased MI should be blindly removed to optimize the postoperative outcome. Epilepsy surgery teams should estimate the extent of the epileptogenic zone by taking into account the clinical context of a given patient. A multicenter prospective study is warranted to determine how universally useful the MI variable is in presurgical evaluation. It remains unknown how the utility of MI is altered by different electrode types (eg, disk vs depth electrodes), different montage (eg, common average reference vs bipolar montage 27 ), anesthesia conditions, and intracranial electrode placement approaches (eg, large vs limited coverage). A retrospective study of 54 patients reported that the occurrence of HFA >250 Hz on intraoperative ECoG immediately following cortical resection was associated with a greater risk of seizure recurrence. 15 One logical next step would be to determine whether quantitative measurement of MI during intraoperative ECoG recording will provide useful information to localize the EZ.
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